External electric and magnetic fields have already been proven to be a versatile tool to control particle assembly, however, the degree of control of the dynamics and versatility of produced structures is expected to increase if both can be implemented simultaneously. For example, while micromagnets can rapidly assemble superparamagnetic particles, repeated, rapid, disassembly or reassembly is not trivial due to remanence and coercivity of metals used in such applications.
Introduction
Assembly of colloidal particles into various types of regular arrays/lattices is one of the fundamental challenges of colloid science motivated by the applications of such structures in photonics [1] [2] [3] , phononics 4,5 , electronics 6 , sensors 7, 8 . Since the pioneering works of Yablonovitch et al 9, 10 and van
Blaaderen et al 11 , a wide range of strategies have been developed to prepare colloidal lattices and assemblies. Examples include drying/dewetting of the colloidal solutions 12, 13 , templated assembly on micropatterned supports [14] [15] [16] , use of varous interparticle forces (e.g., electrostatic [16] [17] [18] , van der Waals 19 , capillary 20 , magnetic [21] [22] [23] ), as well as assembly schemes based on particle size/shape variety 24, 25 and chemical patchiness 26 . Although existing assembly schemes can flexibly position colloids into desired structures (from crystalline lattices 27, 28 , through open-lattice arrangements 29 , to arrays of well-defined colloidal clusters 15, 30 ), dynamic control of the position and symmetry/structure of the assembly reversibly remains challenging. In recent demonstrations of assembly/disassembly of colloids 21, [31] [32] [33] , only one type of external field was applied, which lacked control over the structure when the field is off. Such systems depend solely on the random thermal forces for the disassembly part, which typically slows the response time of the system for applications. For example, the Brownian time scale for a micrometer scale particle to diffuse over its radius is ∼ 2 s, considering that the Brownian time scale of diffusion can be written as τ = a 2 /4D where a is the particle radius and D is the diffusion coefficient.
Having two potential minima adjacent to each-other and being able to rapidly switch between these two assembly states is a powerful tool for optics, especially in obtaining polarization-independent optical switches. Examples of possible uses of such optical switches are spatial light modulators, optical attenuators, and shutters 34, 35 . Recently, polymer-dispersed liquid crystals (PDLC) 36 or electrowetting systems 37 were introduced as possible optical switches. Although PDLC is simple to fabricate, it had a forward scattering problem which made it sensitive for attenuation applications 34, 35 .
An electrowetting device 37 uses two immiscible liquids: one is an opaque liquid (oil) spread over the device, while second liquid, i.e. water covers the oil. In the default case without any electric field the device stays opaque due to the oil, however, when a sufficiently high electric field is applied the oil film elongates along the field and forms a droplet instead of being spread over the device. Scaling electrowetting devices is challenging because increasing the area of the device increases the response time, which depends on the shrinking time of the oil. Dielectrophoresis was also used recently for optical switching and for light modulation by using shape changes of polydisperse macroscopic droplets upon application of an external field. These droplets, embedded in a sample cell, were covered by an opaque oil and elongation of the oil droplet opened transparent channels throught the device 35 where the polydispersity of the droplets and lack of control in the droplet size limited the efficiency of fabrication. Dielectrophoretic devices had complications of miniaturization due to requirements on fine tuning the ratio of the thickness of droplet to the height of the device. Due to these limitations, the realization of novel optical switch mechanisms with enhanced response times, easy miniaturized fabrication schemes, and with superior spatial resolution still remains a major challenge.
Here, we present a novel self-assembly method using a combination of electric and magnetic fields and combine these two assembly techniques on a single chip, with as low as 5 µm features. This strategy allows to switch between the potential minima promoted by magnetic and electric fields.
Immediate response of the particles to the external fields exhibits an optical switch behaviour as the transparency/fluoresecence of the sample significantly changes, which is a direct consequence of the switch between magnetophoretic (MAG) and the dielectrophoretic (DEP) equilibrium states.
Additionally, our method enables easy miniaturization, as the particles are monodisperse and micronsized and the electrode features we used were down to 5 µm. In addition, while one switching unit can be as small as few microns, the whole device formed from an array of such repeating units can be fabricated in sizes as large as a wafer. Furthermore, our method opens a novel way to actively control the assembly of colloidal particles and reassemble them, which is promising for microactuation research. Colloids in an electric field gradient experience forces due to the field gradient and the dielectric constant contrast between the medium and the particle. The dielectrophoretic 3 force experienced by the particles is given by the following formula:
where ε m is the dielectric constant of the medium, ε p is the dielectric constant of the suspended particle, r is the radius of the particle, and the factor in brackets is known as the complex ClausiusMossotti function 38, 39 which contains the information about frequency dependence of the DEP forces.
Similarly, particles in a magnetic field gradient experience forces depending on the magnetic field gradient and the contrast in magnetic susceptibilities of the medium and the particle. For instance, superparamagetic particles, suspended in a diamagnetic medium (e.g. water), provide quite a significant contrast in magnetic susceptibility, which forms the ground for magnetic manipulation of such particles. The magnetophoretic force experienced by the suspended particles is given by the following formula:
where χ m is the magnetic susceptibility of the medium and χ p is the magnetic susceptibility of the suspended particle 40 . In both magnetophoresis and dielectrophoresis, forces that particles experience are directly related to the magnetic susceptibility and the dielectric permeability contrast between the particle and the medium, respectively. Using a superparamagnetic particle provides the susceptibility contrast (χ p > χ m ) for magnetic manipulation of the particles. Our superparamagnetic particle was a composite of iron oxide and polystyrene, which roughly resulted a dielectric constant of about 4.5, for 20 w% of iron oxide, estimated by using rule of mixtures. When suspended in a solvent like water (ε = 80.4) or DMSO (ε = 47) superparamagnetic particles will have a significant dielectric permeability contrast with the medium, which allows for manipulation by both magnetic and electric fields.
Results and Discussion
Recently, we developed an elegant method to control particle and cluster assembly using magnetic or magnetic (c) particle. A particle with both magnetic susceptibility and dielectric contrast is expected to switch between the electric (d) and magnetic (e) potential minima. Calculations of the magnetophoretic (purple) and dielectrophoretic (orange) potentials (f), force profiles (g) and trapping stiffness (h) for the particles used in experiments. Equilibrium particle locations occur at positions of force equal/close to zero in the force profiles and at the local maxima in the trapping stiffness calculations.
magnetized by a permanent magnet 23 . However, reversible disassembly of these assembled structures was not straightforward. High remanence and coercivity by the iron oxide (within the colloid) and nickel (patches on the electrode) caused the particles to remain magnetized after the cessation of the magnetic field. Thus, on-demand disassembly of superparamagnetic particles from their magnetic equilibrium states can not be achieved by thermal fluctuations. In order to push the superparamagnetic particles from their localization at high magnetic field regions, we expect dielectrophoretic forces to prove useful by driving them away from their magnetic-potential minimum and assemble them at another localization. By carefully designing two adjacent potential landscapes, using in-dependently controlled electric and magnetic fields, it is possible to switch the potential landscape such that particles start moving from their magnetostatic equilibrium positions to dielectrophoretic equilibrium positions or vice versa.
Design of such a chip with a micropatterned electrode and micromagnets, which enabled a potential minimum in the vicinity of the minimum of the other potential, is shown in Figure 1a -e. Figure   1a shows the experimental setup used to apply electric and magnetic fields, with a microfabricated bottom electrode with gold and nickel features. Figure 2b shows that the fluorescence intensity increases when the electric field is turned off and the magnetic field directs particles towards the Ni patches.
The Ni patches are 200 nm higher than the outer gold electrode, and this change in height causes the particles to move out of the focal plane when the electric field is turned on. The height difference between the Ni patch and the void causes an additional gravitational potential energy barrier (order ∼ k T), however, this is insignificant comparent to the electric and magnetic field strength (∼ 10 4 k T). The spatial switch of the colloid from its magnetic potential minima to its electric potential minima occurs when an electric field is applied. However, this motion of the colloid is not only a lateral motion (x and y) but has also a vertical (z ) component. This vertical motion is caused by the height difference of the void of the gold grid and the nickel patch on the grid. We measured the fluorescence intensity of the particles between two minima while we kept the Z-position (focal plane) fixed. Therefore, the fluorescence intensity count decreases as the particle moves out of focus. By exploiting the fluorescence intensity difference between these two potential minima, we were able to characterize the dynamics of colloidal switching together with tracking the position of the particle via image analyses (see Figure 3) . To illustrate the flexibility of the approach to also reversibly assemble multiple particles, Figure 2c shows the assembly of two 4.69 µm particles on a larger electrode patch (20 µm) and 2-e show the assembly of 2.85 µm particles on such an electrode (20 µm) for multiple particles. By choosing appropriate void sizes, particle sizes, and suspension concentrations, we can in principle control the number of particles within each patch and dynamically assemble particle clusters. Figures 2d and 2e show a similar realization of the switching of the assembly through different external fields for the 2.85 µm superparamagnetic particles, imaged in reflection mode. Assemblies of several particles changed their location reversibly when the applied external field was switched. The nickel patches are better recognized in these images and in addition, when a magnetic field is applied, most particles accumulate on the edges of these islands, which is due to the magnetic field gradient over the nickel island and was reported before 23 . The movies of the switch of the assembly in time due to external-field changes are given in Supplementary Movies S1 and S2. Dynamic switching of the colloidal assembly can find potential applications such as an optical switch, optical shutter or optical attenuator. Recently reported optical switches had response times down to 10 ms (i.e. 18 ms and 32 ms for rise and decay by Ren et al. 35 and 10 ms for both rise and decay by Hayes et al. 37 ). In order to characterize the response time of our system, we followed the trajectories of particles over the two states while switching the external fields in time. By comparing the fluorescence intensity of the area over time as shown in Figure 3a , we addressed the reversibility of the system as well as the response time of the switching. Figure 3 clearly demonstrates the 9 reversible modulation of the fluorescence intensity due to the switching of the fields. We found that the response time for switching from high to low intensity (due to electric field application) is faster than switching from low to high intensity (due to magnetic field application). This actually is a direct reflection of the strength of the external fields that takes part during the process. We apply a magnetic field of 2-3 mT, whereas the maximum electric field, we applied, was 0.25 V/µm. At these conditions, the electric response time of the particles was ∼ 59 msec, while the magnetic response time of the particles was ∼ 103 msec as shown in Figure 3b Table S1 ). Plugging this number to the drag formula gives an estimate of 0.5 -0.9 pN for drag forces applying to a 5 µm sized colloid in DMSO. In addition, by using the magnetophoretic force formula we estimated the magnetic forces to be on the order of 1-5 pN for the 5 µm sized particles with a magnetic susceptibility χ = 0.17 and assuming that our 16 mT permanent magnet applies a 2 -3 mT field to the chip 1 mm away from the magnet surface, see Supplementary Information for more description on calculations. Furthermore, the switching response time can be controlled by varying the applied electric field strength. The experimental response time with DEP switching changes linearly as a function of applied field, as expected (see Figure 3d ). The combination of electric and magnetic field strength, particle dielectric and magnetic properties, and electrode geometry offer several adjustable parameters to tune the switching response as desired.
This approach can also be applied to reversibly assemble binary particle suspensions. We observed a hierarchical organization of the binary-sized colloidal particles, where larger-sized particles were pushed to the core of the assembly and the smaller particles were surrounding the assembly when an electric field of 0.12 V/µm strength was applied (Figure 4a and Figure S4 ). This can be attributed to fact that the larger particles experience a stronger force (dielectrophoretic force scales with the volume of the particle, F DEP ∼ r 3 ) thereby faster response time with respect to the smaller ones.
When the electric field was turned off, the magnetic field dissambles the superparamagnetic colloid assembly (Figure 4b ). Here, we observed that 2.85 µm sized (red) colloids (density 1.23 g/cm 3 ) were more magnetically responsive in comparison to the 7.9 µm sized (green) colloids (density 1.1 g/cm 3 , Bangs Laboratories, Inc., UMC4F), which is a direct outcome of their iron oxide content reflected in their densities.
The intriguing observation in Figure 4 , that larger 7.9 µm sized colloids respond to an external magnetic field faster than 2.85 µm sized magnetic colloids is based on their magnetic contents of the colloids, which is 5.75 vol% for the smaller particles but is and 2.5 vol% for the 7.9 µm sized colloids.
The magnetic contents were estimated simply by using rule of mixtures and the final densities of the particles and the density of iron oxide (Fe 3 O 4 ) as 5 g/cm 3 . The iron oxide content significantly alters the magnetic susceptibility of the particles, which was as low as χ m = 0.05 41 for 7.9 µm colloids and χ m = 0.39 for the 2.85 µm sized colloids. Thus, smaller colloids react faster to magnetic field and assemble at the edges of the nickel grid before the larger ones (see Figure 4b , see also Supplementary Information). As the electric field is turned on again, the assembly reverses to the initial state as a result of the state of external field potentials (see Figure 4c ). In addition to creating hierarchical structures using different particle sizes, differences in particle susceptibility and/or dielectric properties can also be exploited. For example, combining magnetic and nonmagentic particles allows for the selective organization of those particles at different locations of the grid by tuning the electric field strength. We further showed the behaviour of a binary colloid system composed of magnetic and non-magnetic particles, which allows for selectively organize non-magnetic or magnetic colloids at difeent locations of the grid via adjusting the electric field strength (see Figure S5 for details).
We designed and microfabricated chips with Ni and Au patch geometries that allow spatial control of colloids simultaneously by magnetophoresis and dielectrophoresis. For superparamagnetic particles, this device offers a bistable potential landscape that can be navigated by turning on and off the electric and magnetic fields. Designing the potential minima for DEP in the vicinity of MAG potential minima allows to shuttle the colloids reversibly between the two potential minima. By applying different fields, we showed that colloids can reversibly switch between these two minima.
We also demonstrated that this design can be used as an optical switch with response times comparable to the state of art and enables easy downscaling of the device for miniaturization goals, due to micron-size of the colloidal particles, which is used as the shutter. This assembly paradigm can also be applied to heterogeneous particle populations to construct dynamic, switchable, hierarchical assemblies, as demonstrated for a binary sized mixture of superparamagnetic colloids. The ability to shuttle between the two potential minima is a simple optical switch but we believe the tunability and flexibility provided by the additional control parameters by combining electric and magnetic fields can potentially be applied to more exotic applications, such as optical displays.
Methods
Confocal Microscopy: We studied the samples using a Zeiss LSM 880 upright confocal scanning laser microscopy with a 20 x 0.8 NA Plan-Apochromat objective. For binary particle systems we used a fluorescence microscope of Leica with an inverted DM6000 stage. and of nickel (µ r (nickel)=200), and magnetization of the permanent magnet as 105,000 A/m. Furthermore, for electric fields we used a field strength of 0.1 V/µm applied between two electrodes separated with a distance of 100 µm. Despite being semi-quantitative and not including frequency response, our simulations reliably provided how the field strength changed in 3D for a given potential between the micro-patterned and unpatterned electrodes.
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Supporting Information
The Supporting Information is available free of charge on the ACS Publications website. Figures   13 showing the calculations of the field strengths for a micropatterened grid and assembly behaviour of binary colloid system and a description on calcualtions are provided.
